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We investigate the minimal performance, in terms of beam luminosity and detector size, of a
neutrino factory to achieve a competitive physics reach for the determination of the mass hierarchy
and the discovery of leptonic CP violation. We find that a low luminosity of 2× 1020 useful muon
decays per year and 5 GeV muon energy aimed at a 10 kton magnetized liquid argon detector placed
at 1300 km from the source provides a good starting point. This result relies on θ13 being large
and assumes that the so-called platinum channel can be used effectively. We find that such a
minimal facility would perform significantly better than phase I of the LBNE project and thus
could constitute a reasonable step towards a full neutrino factory.
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The recent discovery of θ13 [1–3] is a major step
towards the completion of the leptonic mixing ma-
trix. The remaining unknown mixing parameters,
within a three neutrino framework, are the Dirac
CP-violating phase, δ, and the ordering of the neu-
trino mass eigenstates, sgn(∆m231). CP violation
(CPV) within the Standard Model has proved to be
quite intruiging in the hadronic sector already: even
though the strong interaction seems to be conserv-
ing CP, it is significantly violated in quark mixing.
Neutrinos now offer the third opportunity to learn
more about the role of the CP symmetry in Nature.
Also, if one considers the question of unitarity and
the completeness of the three neutrino picture, the
determination of the CP phase will play a crucial
role, like it did in the quark sector.
Direct CPV in neutrino oscillations can only be ob-
served in appearance experiments, where the initial
and final neutrino flavors are different. For practi-
cal reasons, this requirement confines experiments
to study νe ↔ νµ and ν¯e ↔ ν¯µ transitions. Con-
ventional neutrino beams are obtained from the de-
cay of relativistic pions and therefore predominantly
consist of νµ or ν¯µ, depending on whether pi
+ or pi−
are selected at the beam source. The current gen-
eration of experiments employing this type of beam
has a limited sensitivity to CPV, even if their results
are combined [4].
Therefore, a number of new experiments has been
proposed in order to observe CPV in the leptonic
sector, see for instance Ref. [5]; in the U.S. context,
this proposal is the long baseline neutrino experi-
ment (LBNE). The first stage of the LBNE project
comprises a 700 kW proton beam to produce pions
and a 10 kton liquid argon (LAr) detector placed
at a distance L = 1300 km from the source [6].
The CPV discovery potential is limited due to a
lack of statistics, though. An upgraded beam in
the multi-MW range (superbeam) would obviously
yield a much better physics potential [7]. However,
these beams are eventually limited by intrinsic back-
grounds and systematic effects: large flux uncertain-
ties, combined with the inability to measure the final
flavor cross sections at the near detector, introduce
large systematical errors which are very difficult to
control [8, 9].
For the determination of the CP phase a similar pre-
cision to that achieved in the quark sector is only
offered by a neutrino factory (NF) [9, 10]. In a NF a
highly collimated beam of muon neutrinos and elec-
tron antineutrinos is produced from muon decays
in a storage ring with long straight sections [11].
Muon decays result in a beam with equal number of
νµ and ν¯e; the CP-conjugate beam is obtained from
µ+ decays. The main observables at the NF for µ−
decay are: ν¯e → ν¯µ, so-called golden channel [12];
and the νµ → νµ disappearance channel. At the
detector, the signal is in both cases extracted from
the charged-current interaction sample. Therefore,
the electric charge of the muon needs to be iden-
tified in order to disentangle the appearance and
disappearance signals. Charge identification typi-
cally is achieved by employing a magentic field in
0.2-2 T range. Moreover, an appropriate detector
and/or muon energy would allow to observe addi-
tional channels – νµ → νe (platinum), νµ → ντ and
νe → ντ (silver), see for instance Refs. [13, 14].
The NF was originally proposed to operate at very
high energies, Eµ ∼ 25−50 GeV, and optimized un-
der the assumption of a very small θ13, sin
2 2θ13 .
10−3. However, it has recently been argued that
a lower energy version would be better optimized
for the large θ13 scenario and technically less de-
manding. Therefore, the present NF design param-
eters [15] are 1021 useful muon decays per 107 sec-
onds, aimed to a 100 kton magnetized iron detector
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2(MIND) placed at 2000 km from the source, with
a parent muon energy of 10 GeV. The performance
of this setup is remarkable, and clearly superior to
that of any conventional muon beam, see for in-
stance Ref. [5]. However, in order to form an in-
tense muon beam for acceleration and storage, muon
phase space cooling is required for this default con-
figuration. In addition, the fact that neutrinos in
a NF are a tertiary beam implies significant proton
driver intensities; in this case, a 4 MW proton beam
together with its associated target station. These
technical challenges are to be contrasted with the
advantages of a NF – there are no intrinsic back-
grounds and the absolute neutrino flux can be de-
termined to much better than 1%. Furthermore, the
presence of both muon and electron neutrinos in the
beam does allow for a measurement of all final flavor
cross sections at the near detector.
Recently, it has been suggested that a very low en-
ergy NF, now called nuSTORM [16], with greatly
reduced beam power and a muon energy around
4 GeV, could be used for sterile neutrino searches
as well as to perform neutrino cross section mea-
surements in the low energy regime. Such a facility
could well serve as a first stage towards a full NF.
Nevertheless, in order to do long baseline oscillation
studies, additional acceleration would be required to
achieve enough statistics at the far detector. What
we propose in this work is to use a neutrino beam
which would lie in between nuSTORM and a full
NF in terms of luminosity. Specifically, we study a
configuration with a muon energy of 5 GeV and 1020
useful muon decays per year and polarity, which al-
ready implies a reduction of a factor of 10 over the
luminosity usually considered for NF setups. The
beam energy of 5 GeV is optimal for the considered
distance of 1 300 km since it balances the position of
the oscillation maximum with the peak of the event
distribution [17, 18]. The choice of the number of
useful muon decays is inspired by a recent study
based on Fermilab’s planned Project X accelerator
complex [19]. Specifically, the number we use corre-
sponds to a proton beam of 1 MW power at 3 GeV
and does not assume any muon phase space cooling.
As a result, most of the technical difficulties of a full
NF can be avoided.
As already mentioned, a fundamental advantage
of the NF with respect to other possible neutrino
beams is the possibility to observe many oscillation
channels using the same neutrino beam. The com-
bination of CP- and CPT-conjugate channels not
only provides crucial constraints for the observation
of leptonic CP violation and/or effects coming from
Channel Effs. Bg. Rej. σ(Eν) Eν (GeV)
L
A
r νµ 80% 99.9% 0.2
√
E [0.5, 5]
νe 80% 99% 0.15
√
E [0.5, 5]
T
A
S
D νµ 73%-94% 99.9% 0.2
√
E [0.5, 5]
νe 37%-47% 99% 0.15
√
E [0.5, 5]
TABLE I: Main details used to simulate the LAr and
TASD detector responses. The two rows correspond to
the details used for νµ and νe detection. The different
columns indicate: signal efficiencies, background rejec-
tion efficiencies (Neutral Current, Charge misID, Flavor
misID), energy resolution and neutrino energy range.
NC backgrounds have been migrated to lower energies
using LBNE migration matrices [7].
new physics. It also helps to mitigate the effect from
the matter density uncertainty [13], which consti-
tutes the most relevant source of systematic uncer-
tainties at a NF [9, 20]. Therefore, the simultaneous
observation of both golden and platinum channels
at a NF would yield extremely robust results, since
they are CPT conjugates. However, the platinum
channel is inaccessible in a MIND, because it re-
quires to identify electron neutrino charged current
events, and electric charge identification is again
needed in this case in order to disentangle the νe
appearance and ν¯e disappearance signals. The fea-
sibility of electron charge identification was studied
in Ref. [21] in the context of a low energy NF for a
totally active scintillator detector (TASD) magne-
tized to 0.5 T using a so-called magnetic cavern. It
soon was speculated that a magnetized LAr detector
should be suitable as well [17, 22, 23].
In this work we consider a 10 kt magnetized LAr
detector at a distance of 1 300 km. This choice of
detector size and baseline is obviously inspired by
LBNE: it allows to reuse the LBNE facilities to the
largest possible extent. Note, that the detector most
likely will have to be deep underground due to the
large duty factor of stored particle beams as in a
NF. Tab. I summarizes the detector parameters used
in this work. In the absence of a detailed study
of the performance of a magnetized LAr detector,
we have followed Refs. [7, 23]. The expected total
event rates for a 10 kton LAr detector are shown
in Tab. II. Since the LAr performance is indeed un-
certain, we also evaluate sensitivities using the per-
formance parameters of a TASD, which are based
on simulation studies [21]. The same background
migration matrices and energy resolution as for the
LAr detector have been considered. Energy depen-
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FIG. 1: CPV discovery potential as a function of the
true value of δ. Results are shown for the combination of
only the golden and νµ disappearance signals (blue lines,
“gol+dis”), as well as when the platinum signal is also
considered (red lines, “gol+dis+plat”). Solid (dotted)
red lines show the results for a magnetized LAr (TASD)
detector. Dot-dashed green lines show the results for
a 10 kton non-magnetized LAr detector. For reference,
the results for LBNE phase I are also shown (dashed
gray lines).
dent efficiencies for the signal, following Ref. [23],
have been used in this case, see Tab. I. In addition to
the backgrounds considered in previous references,
the τ -contamination [24–26] has also been included
in this work. Systematic uncertainties have been
implemented as in Ref. [9], using the default values
listed in Tab. 2 therein.
Channel νe → νµ νµ → νe νµ → νµ
Signal 267 276 1485
Background 7 73 17
Channel ν¯e → ν¯µ ν¯µ → ν¯e ν¯µ → ν¯µ
Signal 52 59 562
Background 6 73 6
TABLE II: Expected total number of events for the low
luminosity NF aiming to a 10 kton LAr detector, for
sin2 2θ13 = 0.1 and δ = 0. The experiment is assumed
to run with both polarities circulating in the ring at
the same time, for 10 years. This results in a total of
2 × 1021 muon decays in the straight sections of the
storage ring (half per polarity). Signal and background
rejection efficiencies are already accounted for.
Figure 1 shows the results for the CPV discovery
potential of the facility, defined as the ability of the
experiment to rule out the CP conservation hypoth-
esis (δ = 0, pi). The statistical significance of the
signal is shown as a function of the true value of δ.
For reference, we also show the results for phase I of
the LBNE experiment, which has been simulated ac-
cording to the CDR from October 2012, Ref. [6]. It
should be noted that for the LBNE results system-
atic uncertainties have been implemented as overall
normalization errors over all signal and background
contributions at once (no near detector has been
simulated for this setup). Clearly, the low energy,
low luminosity NF outperforms LBNE by a consid-
erable margin, and the results combining only the
golden and disappearance signals are already bet-
ter; as expected, if the platinum signal is added then
the performance is considerably improved. If mag-
netization of a massive LAr were not possible, sev-
eral methods would in principle allow to statistically
differentiate the charge of the leptons produced at
a LAr detector, see for instance Ref. [27]. There-
fore, we also show in Fig. 1 the performance of the
setup using a non-magnetized LAr detector, simu-
lated following Ref. [27] (dot-dashed green lines).
We assume that ν/ν¯ separation at the 90% (70%)
for µ-like (e-like) events can be obtained for a non-
magnetized LAr detector. Regarding the MH dis-
covery potential, we find that a low luminosity NF
combined with a LAr (TASD) detector can rule out
the wrong hierarchy at ∼ 10σ (8σ) CL for 1 d.o.f.,
regardless of the true value of δ. It should be kept
in mind that LBNE phase I would reach 3σ (5σ) CL
for approximately 75% (50%) of the values of δ [6].
The left panel in Fig. 2 shows the allowed region in
θ13-δ plane for one particular point in the parame-
ter space, where the different line styles correspond
to different combinations of channels. Clearly, the
addition of the platinum channel improves the per-
formance beyond a mere increase of statistics – a
true synergy, whose origin is explained in Ref. [13].
The right hand panel, on the other hand, shows the
achievable precision for a measurement of δ at 1σ
as a function of the true value of δ. Again, we find
that the low luminosity low energy NF constitutes a
marked improvement over LBNE. We also show in
this case a green band, which corresponds to the re-
sults using a 10 kton non-magnetized LAr detector.
The lower limit in the band corresponds to the case
where a ν/ν¯ separation of 90% (70%) is considered
for µ-like (e-like) events, as in Fig. 1; the upper limit
corresponds to the case when the separation for µ-
like events is reduced down to 70%.
We would also like to point out that, once a
4 MW 8 GeV proton beam becomes available from
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FIG. 2: Left panel: confidence region in the θ13 − δ plane for a particular point in the parameter space, at 1σ CL
(2 d.o.f.). Right panel: precision achievable for a measurement in δ at the 1σ CL (1 d.o.f.), as a function of the true
value of δ. Results are shown when only the golden and disappearance channels are included in the analysis (blue
lines, “gol+dis”), as well as when the platinum channel is also considered (red lines, “gol+dis+plat”). Solid (dotted)
red lines show the results for a magnetized LAr (TASD) detector. The green bands show the physics reach for a 10
kton non-magnetized LAr detector, see text for details. For reference, the results for LBNE phase I are also shown
(dashed gray lines).
Project X, muon cooling is added and the detector
mass is increased by a factor 1-3, the performance
of this facility reaches the 5◦-level in CP accuracy,
comparable to the baseline NF. Therefore, neither
the initial energy of 5 GeV nor the baseline do need
to be changed in later stages.
In summary, using 10 times less useful muon decays
and a 10 times smaller detector mass with respect
to the baseline NF still allows a muon decay based
neutrino beam to outperform realistic conventional
beams like LBNE phase I, while offering at the same
time the path to a full scale NF. Such low luminosity
can be achieved using existing proton drivers and
without muon cooling. The reduced muon energy
makes it possible to use a shorter baseline around
1300 km, and the use of a magnetized LAr detector
allows to fully exploit the physics potential of the
platinum channel, which is crucial for the overall
performance of the facility. These choices for base-
line and detector technology ensure a good synergy
with the first stage of a superbeam program. The
big open question is how well can a LAr detector
perform this task.
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